A simple and rapid in situ preconcentration method for the determination of dissolved manganese in environmental waters has been developed based on solid-phase extraction using a Sep-Pak C18 cartridge. Manganese in water samples, which was taken into a graduated syringe to easily perform the operation for collecting manganese at sampling sites, was converted into a stable complex with 4-(2-pyridylazo)resorcinol (PAR) at pH 10 immediately after sample collection. The formed Mn-PAR complex was collected by a Sep-Pak C18 cartridge, which was packed with C18-bonded silica. The complex was stable in the Sep-Pak C18 cartridge for at least one month. The retained complex was quantitatively eluted with 0.5 M hydrochloric acid. The manganese was determined by graphite-furnace AAS. The proposed method was successfully applicable to brackish lake water samples to investigate the behavior of dissolved manganese in brackish lakes.
Introduction
It has been known that manganese in environmental water is one of predominant elements participating in oxidationreduction process along with carbon, nitrogen, oxygen, sulfur, and iron.
It exists mainly in both manganese(II) and manganese(IV) oxidation states in ordinary aqueous environments. In oxic aqueous environments manganese(IV) is a dominant chemical species, and exists in insoluble forms, such as particulate and colloidal MnO2, which serve as a scavenger for trace metal ions. However, manganese(II) ion is rather stable in anoxic aqueous environments, which are often linked with water pollution, especially in closed water areas, such as lakes. [1] [2] [3] The greatest parts of dissolved manganese in environmental waters is thought to be manganese(II) ion. 2, 4 Therefore, the determination of dissolved manganese is important for understanding the oxidation-reduction level and water quality in environmental water locations as well as other redox-sensitive elements.
Manganese in water is conventionally determined by spectrophotometry, AAS, and ICP-AES. 5, 6 The preconcentration methods for manganese in water samples have been investigated by batch or column operation using various solid sorbents, such as activated carbon, 7, 8 chelating resin 9 ,10 and C18-bonded silica, 11 because of the very low concentration level of manganese in environmental water.
The determination of dissolved manganese in environmental water has generally been achieved by filtering off particulate manganese species, such as MnO2. However, there are serious problems in the analysis of dissolved manganese often encountered during the sampling operation, the storage of water samples, and the determination procedure, because manganese(II) ion, which exists mostly as dissolved manganese, is easily oxidized to precipitate or become adsorbed on the container walls.
Therefore, it is recommended that, immediately after sample collection, dissolved manganese in a water sample is determined. 5, 6 However, for field sample operations, this method has the disadvantage of requiring one to carry a number of voluminous water samples containing dissolved manganese back to the laboratory from the sampling sites, and then filter the samples within a short time. It appears advantageous and more convenient to make the samples stable and their size smaller for the sake of their easy carriage and storage in field work.
In recent years, the use of solid-phase extraction techniques for environmental substance analysis has substantially increased, because a solid-phase extraction method is easy and safe to use. 12 We have already developed in situ preconcentration methods for the determinations of iron(II), sulfite and thiosulfate, sulfide, and phosphate from environmental water samples by use of a solid-phase extraction technique for field work. [13] [14] [15] [16] [17] In these methods, the chemical species to be determined was successfully retained and kept in small column cartridges for easy carriage, and long, stable storage and preservation of samples.
This study is intended to contribute to the development of an in situ preconcentration method for the determination of dissolved manganese in environmental water for field work. This method is based on the solid-phase extraction of the complex formed between manganese and 4-(2-pyridylazo)-resorcinol (Mn-PAR complex) with C18-bonded silica packed in a Sep-Pak C18 cartridge, followed by the determination of manganese with graphite-furnace AAS. Water samples were taken into a graduated syringe to prevent them from contacting with air and contaminations 13 and to easily perform all operations of the preconcentration procedure without any instrument at all sampling sites. The preconcentration was smoothly completed within 5 min on sites immediately after sample collection; then, the Sep-Pak cartridges were easily transported back to a laboratory for elution, followed by AAS measurements. The Mn-PAR complex retained on Sep-Pak C18 was stable for at least one month. The established method was successfully applied to investigate and clarify the behavior of dissolved manganese in brackish lakes.
Experimental

Reagent
A standard manganese solution (100 mg/l) was prepared as follows. After potassium permanganate, 0.288 g, was dissolved in about 50 ml of water a few drops of concentrated sulfuric acid were added to the solution. A 10% sodium hydrogen sulfite solution was added drop by drop to the resulting solution until its solution color disappeared. It was then boiled to remove any sulfur dioxide, and diluted with water to 1000 ml after cooling. Working standards were prepared by serial dilution of the stock solution.
A 4-(2-pyridylazo)resorcinol (PAR) solution (0.05%) was prepared by dissolving 0.25 g of PAR (DOJIN Lab.) in 20 ml of a 1% sodium hydroxide solution and diluting with water to 500 ml.
A buffer solution (pH 10) was prepared by dissolving 35 g of ammonium chloride in water, mixing it with 290 ml of ammonia solution, and diluting with water to 1000 ml.
Hydrochloric acid, sulfuric acid, ammonia solution and ammonium chloride used were of high purity grade (Suprapur grade, Kanto Chemical Co.); all other reagents were of reagentgrade. In all analytical procedures, Milli-Q grade water (Millipore Co.) was used.
A Sep-Pak C18 cartridge (Waters) packed with C18-bonded silica gel was used as a solid-phase sorbent.
Apparatus
A Hitachi Z-5000 polarized zeeman atomic absorption spectrophotometer with a graphite furnace was used for an atomic absorption measurement of manganese with an Mn hallow-cathod lamp. The operating conditions for the graphitefurnace AAS are presented in Table 1 . A Shimadzu UV-140-02 spectrophotometer, with a 10-mm quartz cell, was used to measure absorbance for a colored Mn-PAR complex and PAR in effluents. A Horiba F-23-type pH meter was used to measure the pH of the solution.
Standard procedure
Prior to use, a Sep-Pak C18 cartridge was rinsed successively with 10 ml of 0.5 M hydrochloric acid, 10 ml of water and 5 ml of methanol. The cartridge was connected to a filter holder with a 0.4 µm-Nuclepore filter (0.4 µm in pore size, 47 mm in diameter).
The process for the solid-phase extraction of manganese is illustrated in Fig. 1 .
A 50 ml sample solution was taken into a 50 ml graduated syringe, which was calibrated in volume before use. It was equipped with a short silicon tube (3 mm in inside diameter, 10 mm in length) at its head for connecting to other syringes. A small glass ball was included inside for mixing the solution. To the sample in the syringe, 2.5 ml of a 0.05% PAR solution and 2.5 ml of a buffer solution were successively added through the tube with 5 ml graduated syringe to form a complex between manganese and PAR [ Fig. 1 (A) and (B) ]. Then, the resulting colored Mn-PAR complex solution was passed through the cartridge via the filter to collect the Mn-PAR complex on C18 bonded silica packed in the cartridge [ Fig. 1 (C) ]. Only the manganese was eluted from the cartridge with 5 ml of 0.5 M hydrochloric acid as an eluent [ Fig. 1 (D) ]. Manganese in the eluent was determined by graphite-furnace AAS.
Results and Discussion
Adsorption of manganese on Sep-Pak C18
PAR reacts with manganese in water to form a water-soluble red Mn-PAR complex within 1 min, which is stable over the pH range from 9.7 to 10.7. 18 The effect of the pH on the adsorption of manganese with a Sep-Pak C18 was examined using solutions containing 0.15 µg of Mn. The solutions were adjusted to the desired pH with dilute hydrochloric acid and/or a dilute ammonia solution. The sample solutions were passed through Sep-Pak cartridges; the effluent was then analyzed by AAS. The results for the adsorption of manganese using Sep-Pak cartridges are shown in Fig. 2 . Quantitative adsorption was obtained in the range of pH 8.5 -10.5. This pH range is almost consistent with that of the formation of a stable Mn-PAR complex. 18 In this study, sample solutions were adjusted to pH 10 using an ammonia-ammonium chloride buffer solution.
From the absorption spectra of the PAR and Mn-PAR complex, the absorption maximum was at 414 nm and 500 nm, respectively. The adsorption behaviors of the PAR and Mn-PAR complex on a Sep-Pak C18 were studied; a 50 ml solution (pH 10) containing 1.5 µg of manganese and 2.5 ml of PAR solution was passed through a Sep-Pak cartridge.
The absorbances for the PAR and Mn-PAR complex in the effluent were measured at 414 nm and 500 nm, respectively. It was found that the effluent had absorptions neither at 414 nm nor at 500 nm. This result suggests that both the PAR and Mn-PAR complex were completely adsorbed on the Sep-Pak C18 at pH 10.
Effect of the standing time of the Mn-PAR complex on collection
Effect of the standing time of the Mn-PAR complex on collection was examined. Figure 3 shows the change in the adsorption of manganese with increasing standing time after mixing manganese with PAR in solution. In this figure, the closed circle indicates that the Mn-PAR complex was formed and kept in a syringe tightly closed to air according to the standard procedure in the proposed method, while the open circle shows that the complex was formed and kept in a vessel open to air. The Mn-PAR complex is quantitatively adsorbed by a Sep-Pak C18 cartridge within 1 min after mixing manganese with PAR. This fact suggests that the Mn-PAR complex is formed instantaneously after mixing manganese with PAR. The formed complex remains stable for at least 1 h when it does not contact with air (closed circle), but it becomes unstable when in contact with air (open circle). Therefore, the collection of manganese was made within 1 h after mixing manganese with PAR in a glass syringe closed to air.
Elution
Hydrochloric acid was examined as an eluent. Figure 4 shows the results for the elution of manganese by 0 -4 M hydrochloric acid from a Sep-Pak cartridge retaining 0.15 µg Mn. Manganese was completely eluted with hydrochloric acid at higher than 0.5 M. However, when hydrochloric acid as an eluent was passed through the same Sep-Pak C18, PAR was not detected in the eluent. This fact shows that only manganese is eluted from a Sep-Pak C18 by decomposition of the Mn-PAR complex, while PAR remains in the Sep-Pak cartridge. Figure 5 shows the effect of the volume of 0.5 M hydrochloric acid as an eluent on the elution of manganese. More than 3 ml of the eluent was sufficient to quantitatively elute. Thus, 5 ml of 0.5 M hydrochloric acid was used as an eluent in this study.
Effect of the flow rate
The effect of the flow rate on the adsorption and desorption was studied using 50 ml of a solution containing 0.15 µg of manganese. The effect of the flow rate on the adsorption was examined by changing it from 10 to 30 ml/mim. The manganese was quantitatively adsorbed on a Sep-Pak C18 cartridge over this range. The manganese adsorbed on the cartridge was readily eluted with 5 ml of the eluent even at a flow rate of 30 ml/min, that is, within 15 s.
Stability of the Mn-PAR complex adsorbed on a Sep-Pak C18 cartridge
Sep-Pak C18 cartridges which had adsorbed Mn-PAR complex were stored at room temperature and analyzed over a 1095 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 period of 30 days before the elution step to examine the stability of the complex on the cartridges. The Mn-PAR complex on the cartridge was found to be stable for at least 30 days.
Effect of diverse ions
For the purpose of applying the proposed method to environmental water, such as brackish water and seawater, the influence of the salinity on the present method was examined using artificial seawater and its dilute solutions. Artificial seawater was prepared by dissolving 23.4 g of NaCl, 4.981 g of MgCl2, 3.917 g of Na2SO4, 1.102 g of CaCl2, 0.664 g of KCl, 0.192 g of NaHCO3, 0.096 g of KBr, 0.026 g of H3BO3, 0.024 g of SrCl2, and 0.003 g of NaF in 1 kg of water, according to Lyman and Fleming's method. 19 Seawater contains Na + , Mg 2+ , Ca
, and HCO3 -at extremely high levels. The determination of manganese in solution was not influenced even by high salinity (34‰), such as that of seawater.
PAR can form complexes with various heavy metal ions, 20 which may exist in environmental water. The effect of heavy metal ions on the method was examined. As shown in Table 2 , Fe 2+ , Fe 3+ , Cu 2+ , Cd 2+ , Zn 2+ , Co 2+ , Cr 3+ , Pb 2+ , Al 3+ and Ni 2+ up to 1000 µg/l did not interfere with the determination of manganese. Thus, this method is applicable to water samples which contain other heavy metal ions, even at a high concentration of 1000 µg/l.
Recovery test
The recoveries of manganese were examined using coastal seawater (salinity, 24.3‰) to which various amounts of manganese (1.5 -15 µg/l) were added. The results of the recoveries are given in Table 3 . Manganese was recovered quantitatively from the solutions.
The relative standard deviation (RSD) was 0.9 and 0.3 -6.6 for distilled water and coastal seawater, respectively (five measurements).
The determination limit was 0.1 µg Mn/l. The good recovery and precision indicate that the proposed method is satisfactorily applicable to the in situ preconcentration of manganese even in highly saline water, such as seawater with a low manganese concentration.
Application to environmental water
The proposed method was applied to dissolved manganese in fresh and brackish water samples taken from Hii River, and brackish Lakes Shinji and Nakaumi, Japan, in August, 1998. Both lakes are connected by Ohashi River. Freshwater of Hii River empties into Lake Shinji and flows through Ohashi River, Lake Nakaumi, and finally into Japan Sea via narrow Sakai Channel. Water samples were from surface water at all sampling stations.
After sampling each sample of water using a Kitahara-type water sampler, 50 ml of the sample water was taken into a 50 ml syringe through a short polyvinyl chloride tube connecting between the sampler and the syringe without any contact with air; all operations for dissolved manganese collection using SepPak C18 cartridges were carried out on a small boat on the lakes. The Sep-Pak C18 cartridges were brought back to our laboratory for elution and an AAS measurement. On the other hand, for the analysis of total manganese, water samples were acidified with concentrated hydrochloric acid (ca. pH 1) on the boat immediately after each sample collection and also transported back to the laboratory to determine total manganese.
The spatial distribution of dissolved manganese in Hii River, Lakes Shinji, Nakaumi, and Sakai Channel along with the stream of lake water to Japan Sea is shown in Fig. 6 , which also includes those of total manganese and salinity. In Fig. 6 , the sampling stations 21 are as follows: Sts. A and B in Hii River are located 12 km and 1.7 km up from the mouth of the river, respectively. St. 23 is near the mouth of the river and west of Lake Shinji. Sts. 22 and 1 are in the center and east of the lake, respectively. Sts. 3 and 4 are in the west and in the center of Lake Nakaumi, respectively. St. 8 in Sakai Channel is the nearest station to the Japan Sea. At St. 23, the concentrations of dissolved and total manganese suddenly increase, although both concentrations are extremely low in Hii River water (Sts. A and B). This seems to be due to a welling up of the riverbed water with a high concentration of manganese(II) ion from the bottom sediment in the Hii River mouth, which flows through the bottom sediment of Hii River. 22 In Lake Shinji, the concentration of dissolved manganese decreases remarkably 1096 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 with increasing salinity along with the water stream from 98 µg/l at St. 23 to 12 µg/l at St. 3. Since the difference between the total and dissolved manganese concentrations corresponds to the concentration of particulate matter of manganese (mainly hydrous manganese oxide), the concentration of particulate matter decreases as well as that of dissolved manganese. This phenomena may be explained by chemical processes, 2, 4 as follows. When the riverbed water meets to the lake water and both are mixed vigorously at St. 23, manganese(II) ion, which is the predominant species in dissolved manganese, is gradually oxidized to manganese(IV) ion by contacting with air and/or dissolved oxygen in the lake water, and then manganese(IV) oxide particulate is readily formed. The particulate seems to be rapidly removed from the lake water by settling down to the lake bottom, because the colloidal particulate is more easily coagulated and precipitated in saline water. 23 Thus, the proposed method is convenient and useful for field work. The advantages of the method lie in its simplicity, rapidity and high sensitivity as an in situ method.
